Herbivore attack is known to elicit systemic defense responses that spread throughout the host plant and influence the performance of other herbivores. While these plant-mediated indirect competitive interactions are well described, and the co-existence of herbivores from different feeding guilds is common, the mechanisms of co-existence are poorly understood. In both field and glasshouse experiments with a native tobacco, Nicotiana attenuata, we found no evidence of negative interactions when plants were simultaneously attacked by two spatially separated herbivores: a leaf chewer Manduca sexta and a stem borer Trichobaris mucorea. T. mucorea attack elicited jasmonic acid (JA) and jasmonoyl-L-isoleucine bursts in the pith of attacked stems similar to those that occur in leaves when M. sexta attacks N. attenuata leaves. Pith chlorogenic acid (CGA) levels increased 1000-fold to levels 6-fold higher than leaf levels after T. mucorea attack; these increases in pith CGA levels, which did not occur in M. sexta-attacked leaves, required JA signaling. With plants silenced in CGA biosynthesis (irHQT plants), CGA, as well as other caffeic acid conjugates, was demonstrated in both glasshouse and field experiments to function as a direct defense protecting piths against T. mucorea attack, but not against leaf chewers or sucking insects. T. mucorea attack does not systemically activate JA signaling in leaves, while M. sexta leaf-attack transiently induces detectable but minor pith JA levels that are dwarfed by local responses. We conclude that tissue-localized defense responses allow tissue-specialized herbivores to share the same host and occupy different chemical defense niches in the same hostplant.
INTRODUCTION
Single plant species often interact with a wide variety of herbivores, and a plant specifically responds to different feeding guilds of herbivores (Erb et al., 2012; Kant et al., 2015) . The ecological consequences of multiple herbivore interactions on a single hostplant depend largely on their temporal and spatial characteristics, e.g. the sequence of arrival and localization relative to the attacked tissues on the same hostplant, as well as on their feeding guilds (Erb et al., 2011a,b; Tack and Dicke, 2013; Kant et al., 2015; Lortzing and Steppuhn, 2016) .
Plants can also shape terrestrial community composition by mediating herbivore interactions indirectly (van Zandt and Agrawal, 2004; Stam et al., 2014; Poelman and Kessler, 2016) . As many herbivores are highly mobile, they can easily escape from 'defended parts' to 'undefended parts' of the plant. Many plant species have developed systemically induced defense responses and signals that amplify and activate defense genes so that induced defense responses spread from the attacked tissues to distal, unattacked tissues (Heil and Ton, 2008) . Jasmonates (JAs) play a central role in these systemic resistances (Howe and Jander, 2008 ). This spread of induced resistance is often constrained by the vascular connectivity of damaged and undamaged tissues (Orians, 2005) . To overcome vascular constraints, many plant species also activate systemic responses via airborne signaling (Karban et al., 2006; Kessler et al., 2006; Heil and Silva Bueno, 2007) . These systemic responses increase the chance of competitive interactions among herbivores, even if they colonize different tissues, with the consequence of homogenizing the different ecological niches of a plant.
However, the plant-mediated effects are not always symmetric (Kaplan and Denno, 2007) ; plant-mediated herbivorous insect interactions also can be synergistic or neutral (Kaplan et al., 2008; van Dam and Heil, 2011; Erb et al., 2015) . Facilitation generally happens among herbivores of different feeding guilds, e.g. chewing herbivores and sapsucking herbivores, because different feeding styles, or the different resistance mechanisms elicited by them, trigger different phytohormones that can benefit one of the herbivores (Soler et al., 2013) . For instance, antagonistic interactions of JAs and salicylic acid (SA) are frequently evoked to explain interactions among herbivores (Rayapuram and Baldwin, 2007; Pieterse et al., 2009; Ali and Agrawal, 2014; Kroes et al., 2016) . However, the hormonal signaling pathways important for other less-studied feeding guilds of herbivores are relatively less known, e.g. leaf folders, stem borers and gall-inducing herbivores (Erb et al., 2012) . The outcome of plant-mediated herbivore interactions can also be affected by other systemic changes in growth/stressrelated hormones and nutritional quality (Erb et al., 2011a, b; Tytgat et al., 2013) . The herbivore interactions in the same hostplant are mainly determined by the characteristics of multiple systemic signals (Soler et al., 2013) . Therefore, a holistic view of plant primary/secondary metabolism and the multiple hormonal signaling pathways that modulate these changes is required for an understanding of how the plant shapes interactions among different herbivores that share a host.
Most studies of plant-mediated herbivore interactions have focused on interactions among different folivores (Kessler and Baldwin, 2004; Ali and Agrawal, 2014; Desurmont et al., 2016; Kroes et al., 2016) or between aboveand below-ground herbivores (Masters and Brown, 1992; W€ ackers and Bezemer, 2003; Kaplan et al., 2008; Erb et al., 2009; Huang et al., 2014) . Although important for structural support and transport (Fordyce and Malcolm, 2000) , how the stem responds to stem-feeding herbivores remains less explored (Dafoe et al., 2013; Liu et al., 2016) , and how folivores and stem herbivores affect each other is largely unexplored.
To investigate the interactions of spatially separated herbivores, we used Nicotiana attenuata and its native herbivores as a study system. N. attenuata is attacked by a wide range of herbivores from different feeding guilds in its native habitat. Here, we examined the interactions between the well known leaf herbivore, Manduca sexta and the poorly-studied stem herbivore, Trichobaris mucorea. In their above-ground interactions, these herbivores are spatially separated but temporally coexisting on the same host. T. mucorea adults oviposit in the basal stem, when plants are in their early elongating stage and the larvae develop into pupae in the stem through plant senescence (Lee et al., 2016) while M. sexta moths prefer to oviposit on leaves which position from third leaf position from the stem in N. attenuata when plants are in their elongating stage and the larvae commonly feed on vegetative tissues of reproductive plants (Kessler and Baldwin, 2002) . Usually, only one T. mucorea larva is found per plant, and larvae spend their entire development in the stem tissues (Diezel et al., 2011; Lee et al., 2016) . M. sexta adults normally oviposit less than two eggs per plant in nature (Kessler and Baldwin, 2002; Kessler, 2012) . Recently, we developed the ability to rear T. mucorea in laboratory colonies (Lee et al., 2016) , which facilitated the comparisons of defenses elicited by this herbivore with those elicited by the leaf-chewing herbivore, M. sexta to understand how these two herbivores manage to co-exist on plants in nature.
RESULTS

Stem herbivore attack does not influence levels of leaf herbivore damage
To understand the interaction between leaf and stem herbivores, we compared naturally occurring leaf herbivore damage on N. attenuata plants between T. mucoreainfested plants and control plants in their native habitat, the Great Basin Desert of southwestern Utah, USA. To standardize T. mucorea damage and infestation rates, we used a previously described egg inoculation method (Figure 1a ; Lee et al., 2016) . We measured the damage from leaf herbivores twice during the 2014 field season and found no significant differences in leaf resistance between T. mucorea-infested plants and control plants (Figure 1b) . Moreover, T. mucorea larval biomass was not significantly correlated with total canopy damage by any herbivores in native populations during the 2015 field season (Figure 1c) .
The lack of a significant interaction between T. mucorea and leaf herbivores may have resulted from variable environmental conditions in the field, leading us to conduct experiments in the glasshouse to directly examine the reciprocal impact between temporally co-occurring and spatially separated pairs of specialist herbivores (M. sexta and T. mucorea). We divided treatments into three groups of plants which were inoculated: (1) only with a T. mucorea egg into the basal stem; (2) only with two M. sexta neonates on stem leaves; and (3) both with a T. mucorea egg and two M. sexta neonates (Figure 1d ). The spatialtemporal differences in herbivore occurrence mimicked their co-occurrence in nature. We measured larval biomass simultaneously after 7 and 13 days for M. sexta feeding and after 14 and 20 days for T. mucorea feeding. The average biomass of M. sexta caterpillars was not statistically different between T. mucorea-attacked and non-attacked plants. Also, the average biomass of T. mucorea larvae was not statistically different between M. sexta-attacked and non-attacked plants (Figure 1d) . Therefore, the results from this reciprocal bioassay in the glasshouse were consistent with the field observations.
T. mucorea larva attack induces tissue-specific responses in the pith
Plant-mediated herbivore interactions are highly dependent on the particular phytohormone signals used by hostplants in mediating defenses against attack from each of their herbivores (Soler et al., 2013) . As we did not find significant reciprocal effects between leaf and stem herbivores, we hypothesized that different phytohormones were being elicited by their attack. To evaluate which phytohormones and secondary metabolites were related to T. mucorea attack, we compared the pith chemistry of T. mucorea egg-inoculated plants with that of non-inoculated plants (Figure 2a) . T. mucorea larval attack elicited high levels of JA and JA-Ile (jasmonoyl-L-isoleucine) in the pith (Figure 2b , c; P < 0.01), while levels of SA were unchanged ( Figure S1 ; P = 0.52). Levels of ABA were also increased in the pith of plants that had been attacked, but ABA induction was JA-dependent ( Figure S1 ). Among the measured secondary metabolites, chlorogenic acid (CGA) levels were highly elevated in the attacked pith (Figure 2d ; P < 0.001); the CGA levels in the pith of control plants were only 1.9 AE 0.41 lg g À1 FM. At the same time, levels of nicotine and rutin were not changed ( Figure S2 ; P = 0.980 and P = 0.33, respectively). Regarding the transcript levels of biosynthetic genes for each metabolite, levels of the hydroxycinnamoyl quinate CoA transferase (NaHQT) gene, a key enzyme involved in CGA synthesis, were also strongly induced in attacked pith ( Figure 2e , P < 0.001). While nicotine levels in the pith of attacked plants were similar to those in the pith of controls, transcript levels of putrescine N-methyltransferase (NaPMT), a key enzyme in nicotine biosynthesis, were significantly induced in the attacked pith ( Figure S2 ; P < 0.001). Other defenserelated secondary metabolites in N. attenuata, e.g. (e) Larval mass of T. mucorea and M. sexta from the different treatments were consistent with the field data, in that no evidence of plant-mediated negative interactions were found (one-way ANOVA followed by Tukey's HSD; n = 8-13 for T. mucorea, n = 19-23 for M. sexta). NS indicates no significant difference between groups.
caffeoylputrescine (CP), dicaffeoylspermidine (DCS), and 17-hydroxyheranyllinalool diterpene glycosides (HGLDTGs) were not detected in the pith. To evaluate if JA signaling regulates the induction of CGA levels in the pith, we measured the amount of CGA in transgenic lines impaired in JA biosynthesis (silencing-allene oxide cyclase, irAOC), JA-Ile conjugation (silencingjasmonate resistant4/6, irJAR496), or JA-Ile perception (silencing-coronatine-insensitive protein 1, irCOI1) 3 weeks after T. mucorea egg inoculation. Pith CGA levels of irAOC, irJAR496, and irCOI1 lines attacked by T. mucorea larvae were significantly lower than those of attacked empty-vector transformed wild-type N. attenuata (EV) plants [Figure 2f ; P < 0.001, one-way analysis of variance (ANOVA)]. Although other factors than JA signaling alone, can mediate CGA induction by the T. mucorea attack, these results suggest that JA and JA signaling are essential for CGA induction in the pith of attacked N. attenuata plants.
To test whether JA or JA signaling affects the performance of T. mucorea larvae, we inoculated eggs into irAOC, irJAR496, and irCOI1 transgenic plants. Larval mass and larval developmental stages were measured 3 weeks after egg inoculation. T. mucorea larvae performed better in JA-or JA signaling-deficient plants than in EV plants ( Figure 2g ; P < 0.05, one-way ANOVA). In addition, most of the larvae fed on JA signaling-impaired plants reached the pre-pupal stage, while larvae fed on EV plants had only reached the second-or third-instar stages ( Figure S3 ; P < 0.05, one-way ANOVA).
CGA metabolites in the pith decrease performance of T. mucorea larvae To evaluate the defensive value of CGA against this stemboring weevil, we fed T. mucorea first-instar larvae artificial diets spiked with different amounts of CGA: 0 mM, 0.85 mM (average CGA levels in the leaf), and 8.46 mM (similar to the maximum CGA levels measured in the attacked pith). Fourth-instar larvae fed artificial diets containing 8.46 mM CGA gained significantly less mass than those fed on 0 mM and 0.85 mM CGA ( Figure S4 ).
We next generated CGA-deficient plants (irHQT-153 and irHQT-121) by silencing the NaHQT gene, the final enzyme in the CGA biosynthesis pathway (Figure 3a) , using Agrobacterium-mediated transformation, as previously described (Kr€ ugel et al., 2002; Gase et al., 2011) . The full coding sequence of NaHQT shared high similarity with HQT genes in potato and tomato ( Figure S5 ). Levels of NaHQT transcripts in irHQT leaves were 95% lower than those in EV leaves ( Figure S6 ), and CGA levels in the leaves of irHQT-153 and irHQT-121 plants were significantly lower than the levels in EV leaves ( Figure S6 ; P < 0.001, one-way ANOVA). CGA levels in the pith of unattacked N. attenuata EV and irHQT plants were barely detectable ( Figure 3b ). Attack by T. mucorea larvae elicited (b, c) Three weeks after egg inoculation, approximately 5 cm of pith sections above the attacked area by T. mucorea larva and control pith were analyzed for mean (AESE) levels of jasmonic acid (JA) and jasmonoyl-L-isoleucine (JA-Ile). T. mucorea larva attack strongly increased JA and JA-Ile levels (n = 6). (d) Mean (AESE) levels of chlorogenic acid (CGA) were highly increased in the attacked pith (n = 6). (e) Mean (AESE) transcript levels of the biosynthetic gene of CGA, hydroxycinnamoyl quinate CoA transferase, NaHQT in control and attacked pith. Transcript abundance of NaHQT, a key enzyme involved in CGA synthesis was also strongly induced in the attacked pith by T. mucorea larva (n = 3). (f) Mean (AESE) levels of CGA in JA biosynthesis (irAOC), JA-Ile conjugation (irJAR496), or JA-Ile perception (irCOI1) transgenic plants treated T. mucorea egg inoculation. CGA levels in the pith of attacked irAOC, irJAR496, and irCOI1 plants were significantly lower than CGA levels in the pith of attacked EV plants (n = 6). The levels of CGA in attacked pith are elicited in a JA-dependent manner. (g) T. mucorea larvae perform better in the stems of JA-or JA signaling-deficient irAOC, irJAR496, and irCOI1 plants after T. mucorea egg inoculation. (oneway ANOVA followed by Tukey's HSD; n = 20). one-way ANOVA; **P < 0.01; ***P < 0.001; different letters indicate statistically significant differences; P < 0.05. dramatic increases in CGA levels in the pith of EV plants. However, induced levels of CGA in the pith of irHQT plants were much lower than those in the pith of EV plants (Figure 3b ; P < 0.001, one-way ANOVA). Levels of nicotine, rutin and HGL-DTGs were similar between EV and irHQT plants, but most of caffeic acid conjugates decreased in the pith of irHQT plants compared with EV plants ( Figure S7 ). Larvae fed the two irHQT lines gained significantly more mass than larvae fed on EV plants (Figure 3c ; P < 0.05, one-way ANOVA), demonstrating that plants use CGA, as well as other caffeic acid conjugates, to defend their pith against attack from T. mucorea larvae.
To examine whether CGA also functions as a defense compound in the field, we inoculated T. mucorea eggs into EV and irHQT-153 plants grown under field conditions as previously described in 2014 (Figure 3d ). For this experiment, we selected 20 plants per genotype in the early stages of stalk elongation, when T. mucorea adults normally select plants for oviposition; there was no growth difference between EV and irHQT-153 (and see Figure S6 ).
Three weeks after egg inoculation, we counted the number of surviving larvae in egg-inoculated EV and irHQT-153 plants. The survival rate of larvae was significantly higher in irHQT-153 than in EV plants (Figure 3e ; P < 0.05). We also monitored herbivore damage from naturally occurring leaf herbivores attacking EV and irHQT-153 plants that had not been inoculated with T. mucorea eggs. Interestingly, leaf herbivore damage on EV plants did not differ statistically from that of irHQT-153 plants (Figure 3f ). These results suggest that CGA, as well as other caffeic acid conjugates, produced by N. attenuata plants is more critical for the plants' defenses against stem-boring insects than against leaf herbivores.
Localized inducible jasmonates and defense metabolites accumulated differently in each tissue after stemherbivore or leaf-herbivore attack Unexpectedly, although there is no significant negative interaction effect between M. sexta and T. mucorea colonizing the same hostplant, N. attenuata uses JA signaling Kaur et al., 2010) . PAL, pheammonia lyases; C4H, cinnamic acid-4-hydroxylase; C3H, cinnamic acid-3-hydroxylase; 4CL, 4-coumaroyl-CoA: ligase; HQT, hydroxycinnamoyl-CoA quinate transferase. We used the CGA-deficient plants silenced in the NaHQT gene, the key enzyme in the CGA biosynthesis pathway. (b) In glasshouse experiments, the induced levels of CGA in the pith of irHQT plants (lines 153 and 121) were significantly lower than the levels in the piths of attacked EV plants (one-way ANOVA followed by Tukey's HSD; mean AE SE, n = 6). (c) Silencing NaHQT transcripts increased the performance of T. mucorea larvae (one-way ANOVA followed by Tukey's HSD; n = 20). (d) In field experiments, conducted in field plots in the Great Basin Desert, southwestern Utah, USA, size-matched EV and irHQT plants were experimentally inoculated with eggs, as in the glasshouse experiment. Three weeks after egg inoculation, the number of surviving larvae and leaf damage from natural herbivore community were assessed. (e) Survival rate of T. mucorea larvae hatched from eggs inoculated into irHQT-153 stems was significantly higher than in EV plants (Fisher's exact test; n = 9-17). (f) Relative leaf area damaged of EV and NaHQT-silenced plants (À153) from the native herbivore community did not differ statistically (one-way ANOVA followed by Tukey's HSD; n = 13-25). *P < 0.05; different letters indicate statistically significant differences; NS indicates no significant difference between groups.
in both tissues to activate inducible defenses against these spatially separated herbivores. From these results, we inferred that JA-mediated inducible defenses were not systematically activated from the leaf to the pith and vice versa. To test this hypothesis, we analyzed leaf and pith jasmonates and secondary metabolites in response to M. sexta and T. mucorea attack, respectively. We used wounding and regurgitant (R) treatments to mimic M. sexta attack (Halitschke et al., 2001) . CGA levels were highly induced in T. mucorea-attacked piths but not in the leaves of the same plants (Figure 4a ; P < 0.001 and P < 0.905, respectively). Other secondary metabolites, such as CP, DCS, nicotine, rutin and HGL-DTGs, were not induced by T. mucorea attack in the leaf nor in the pith (Figures 4a and S8) . In response to wounding with R of M. sexta, CP was strongly induced in the attacked leaf; although CP was not detected in the pith of either treated or untreated plants (Figure 4b ; P < 0.001). These results demonstrate that tissue-specific inducible defenses are highly localized between the leaf and the pith.
We further investigated whether localized inducible defenses were also mediated by localized JA signaling. When T. mucorea larvae fed on N. attenuata stems, JA and JA-Ile were both highly induced in the attacked pith. However, neither JA nor JA-Ile was induced in the leaves (Figures 5a and S9) . In contrast, when we performed wounding treatments with the R of M. sexta in leaves, JA and JA-Ile levels were induced in local leaves, and systemic JA signaling was also activated in both systemic leaves and the pith (Figure 5b) . We also have measured other phytohormones (SA and ABA), soluble sugars, and free amino acids to evaluate whether another systemic signal was also localized from the pith to leaf by T. mucorea attack. SA, ABA and nutritional levels in the leaf were also not systematically affected by T. mucorea attack in the pith ( Figure S10 ).
DISCUSSION
Plant-mediated interactions among herbivores are generally negative when they share the same phytohormonal pathway (Soler et al., 2013) . However, this study has shown that plant-mediated interactions between leaf chewers and a stem borer are not negative, even though N. attenuata uses JA signaling to elicit defense responses against both groups of specialist herbivores. Our results also demonstrated that N. attenuata plants elicit different JA-dependent chemical compounds in response to attack from these two spatially separated specialist herbivores, and that JAmediated inducible defenses are localized. Taken together, these results provide an example of how plants facilitate chemical niche differentiation of two spatially separated specialist herbivores at the plant level through localized tissue-specific defenses (Figure 6 ).
How plants shape tissue-specific JA-mediated inducible defenses
Plants produce various toxic metabolites in order to defend themselves against herbivores (Schuman and Baldwin, 2016) . These chemicals can reduce herbivore performance, survival rates, or reproductive success (Howe and Jander, 2008) . Here, we show that high levels of CGA, as well as other caffeic acid conjugates, in the N. attenuata pith reduce the growth of T. mucorea larvae, but have little effect on attack by leaf-chewing or -sucking insects (Figure 3) . CGA can be oxidized to form chlorogenoquinones, which are electrophilic molecules that bind to free amino acids and proteins, and thus reduce the activity of digestive enzymes in insect guts (Felton et al., 1989; Felton and Duffey, 1991) . CGA is known to increase the resistance of corn to herbivore attack by the fall armyworm (Spodoptera frugiperda), corn earworm (Helicoverpa zea), leaf beetles, and leafhoppers (Gueldner et al., 1992; Dowd and Vega, 1996; Ikonen, 2002; Jassbi, 2003) . However, CGA has little effect on the larval growth of the tobacco hornworm, M. (a) Mean (AESE) levels of CP and CGA in leaf and pith after attack from the stem herbivore, T. mucorea larvae. T. mucorea eggs were inoculated at the basal stem (1/plant) of early stage elongating plants. Pith and systemic stem leaves (S2 or S3) of control and attacked N. attenuata plants were collected after three weeks. The level of CGA was highly induced in T. mucoreaattacked pith but not in the leaves from the same plants. The level of CP was not induced by T. mucorea attack in leaves or pith (n = 6). (b) Mean (AESE) levels of CP, and CGA in elicited leaves and pith after leaf wounding and treatment with regurgitant (R) from the leaf herbivore, M. sexta. Elicited leaves and pith 3 days after W+R elicitation (n = 6) were analyzed and CP levels were strongly induced in R-elicited leaves, but not in the adjacent pith. The level of CGA was not increased in R-elicited leaves and the adjacent pith (n = 6). One-way ANOVA; ***P < 0.001; NS, indicates no significant difference between groups; n.d., not detected. sexta, or on the tobacco budworm, Heliothis virescens (Eichenseer et al., 1998; Johnson and Felton, 2001 ). Therefore, herbivore-specific effects of CGA on herbivore resistance as demonstrated by these results are consistent with the literature.
Interestingly, CGA levels in N. attenuata are differentially regulated in the leaf and the pith. Methyl jasmonate treatment has little effect on the level of CGA in N. attenuata leaves (Oldham and Baldwin, 2001) , and treatment with oral secretions from the specialist herbivore M. sexta, which induces high levels of JA and JA-Ile in N. attenuata leaves, does not induce CGA levels in leaves, but rather decreases them (Onkokesung et al., 2012) . Similarly, silencing JA biosynthesis or signaling does not alter CGA levels in N. attenuata leaves (Paschold et al., 2007; Demkura et al., 2010) . In contrast, CGA levels were highly induced in the pith, and their regulation was tightly coupled with JA production and JA signaling (Figure 2) . Also, other caffeic acid conjugates, e.g. putative methyl caffeate and putative dicaffeoyl quinic acid, are induced only in the pith in a NaHQT-dependent manner by T. mucorea attack ( Figure S7b ), so it may be interesting for future work to test their roles in the interaction between T. mucorea and N. attenuata. These results suggest that the connection between JA signaling and defense metabolites can vary between different tissues.
Differential JA signaling can contribute to tissue-specific regulation of CGA. The COI1 protein is a JA-Ile receptor found in several plants (Feys et al., 1994; Li et al., 2004; Paschold et al., 2007) . The COI1-JA-Ile complex initiates the degradation of proteins from the jasmonate ZIM domain (JAZ) family that repress the expression of JA-responsive genes (Chini et al., 2007) . Interestingly, JAZ proteins, which are repressors of jasmonate signaling, are differentially expressed in the pith in comparison with the leaf ( Figure S11 ; Oh et al., 2012) . In Arabidopsis, JAZ genes in shoot and root tissues are also differently Figure 5 . Systemic induction of jasmonates is asymmetrically activated depending on site of elicitation. (a) Mean (AESE) levels of JA and JA-Ile were highly induced in the attacked pith after egg inoculation, but JA and JA-Ile levels in the leaf were not changed (n = 6). (b) Mean (AESE) levels of JA and JA-Ile were rapidly induced in the local leaf within 1 h after W + R elicitation. Jasmonate signaling in the pith was systematically activated by W + R elicitation of the leaf (n = 6). one-way ANOVA; *P < 0.05; different letters indicate statistically significant differences; *P < 0.05; ***P < 0.001. Figure 6 . A schematic diagram depicting tissue-specific inducible defense in Nicotiana attenuata that allows for the differentiation of chemically distinct feeding niches between two herbivores that feed on leaves and pith, respectively. The accumulation of phenolamides and quinic acid conjugates derived from the phenylpropanoid pathway differ in response to attack from these spatially separated herbivores that feed on the same hostplant (Table S1 ). Tissue-specific defense response induced by JA signaling in leaf and stem tissues allow a hostplant to create different chemical niches for its attacking herbivores. expressed in response to JA treatment (Tytgat et al., 2013) . The N. attenuata genome contains at least 12 JAZ proteins; these proteins are involved in several JA-dependent signaling pathways; specifically, JAZd regulates JA and JA-Ile levels in flowers, and JAZh is involved in leaf defense responses when the specialist herbivore M. sexta attacks (Oh et al., 2012 (Oh et al., , 2013 . We did not observe differences in the larval mass of T. mucorea that fed on irJAZd or irJAZh plants when compared to larvae fed on control plants (Figure S11) . This suggests that tissue-specific inducible defenses can also be mediated by tissue-specific jasmonate signaling; in particular, other JAZ proteins could regulate CGA levels in the pith of N. attenuata, and this hypothesis should be tested.
How plants shape localized JA-mediated inducible defenses in each tissue
Our data suggest that JA-mediated inducible defenses can be localized depending on the location of the attack. Pith JA signaling is highly localized to the pith, but leaf herbivore attack systematically activates attenuated JA signaling in the pith. Moreover, most of the other potential systemic signals in the pith were also highly localized: SA, ABA, and primary metabolites ( Figure S10) . Surprisingly, JA-dependent inducible defense compounds are strongly localized in each tissue. A recent review has proposed 'the squeeze cell hypothesis' (Farmer et al., 2014) according to which, systemic responses require pressure differences in xylem tissues in order to activate JA signaling systemically. Pith damage in N. attenuata may not result in sufficient pressure changes to activate leaf JA signaling due to the histology of the parenchyma cells that dominate the pith (Fahn, 1982) . Vascular bundles may not occur at a sufficient density or have the appropriate connectivity to transmit systemic signals from damaged pith to leaves in N. attenuata. Moreover, given the very different down-stream responses mediated by JA signaling in leaf and pith, there are clearly very interesting tissue-specific differences in signaling mechanisms that need to be explored in future research.
Specificity in inducible responses to herbivores can also contribute asymmetrically to the systemic induction of JAs and to localized inducible defenses. Plants can recognize different herbivores by damage type (mechanical cues) and through different elicitors (chemical cues) (Erb et al., 2012) . Although N. attenuata JA signaling is strongly induced after a single W + R treatment (Schuman and Baldwin, 2016) , plants maintain high levels of JA for a longer period of time in response to both constant damage by T. mucorea attack in the pith as well as M. sexta attack in the leaf ( Figure 5 ; Skibbe et al., 2008) . Interestingly, the ratio between JA and JA-Ile in the pith after T. mucorea attack is much lower than that in the leaf after M. sexta attack, although systematically-induced JAs in the pith by M. sexta R leaf treatments showed a similar JA to JA-Ile ratio as those found in the leaf. In addition, JA-Ile was more rapidly metabolized to its inactive forms in the pith in comparison to the leaf, e.g. OH-JA-Ile and COOH-JA-Ile ( Figure S12) . Therefore, localized defenses may not only be limited just by structural constraints, e.g. vascular connectivity; herbivore-specific signals may also be required to activate inducible defenses in the pith. This suggests that N. attenuata differently induces JA signaling in response to M. sexta and T. mucorea, and that herbivorespecific differential JA metabolism could contribute to the systemic induction of JA signaling in an asymmetric manner and the localized JA-dependent inducible defenses.
Localized JA-mediated tissue-specific inducible defenses optimize defenses for N. attenuata Inducible defenses are thought to be metabolically more economical than constitutively expressed defenses (Karban et al., 1997) , but are still costly in terms of plant Darwinian fitness (Baldwin, 1998; Zavala et al., 2004) . For instance, nitrogen is a limited nutrient for plant growth and defense (Elser et al., 2007) and herbivory to N. attenuata results in dramatic changes in resource allocation of this fitness limiting resource (Lynds and Baldwin, 1998) ; the total amount of nitrogen for proteins is significantly decreased, and increased for small N-containing defense metabolites (Ullmann-Zeunert et al., 2013). According to optimal defense theory, the different fitness values among tissues, as well as their different probabilities of attack, determine the different investments in defensive metabolites (McKey, 1974; McCall and Fordyce, 2010) . In response to M. sexta (leaf herbivore) attack, leaves of N. attenuata mainly induce nitrogen-containing phenolamide metabolites, while the pith mainly induces quinic acid-conjugated acids, which do not contain nitrogen (Table S1 ). Although recent studies demonstrated that indole-3-acetic acid (IAA)-mediated systemic responses to M. sexta attack increased phenolamides and anthocyanins in the stem, and suggested that these changes can alter the performance of stem borers (Machado et al., 2016b) , larval performance of T. mucorea was not improved when larvae infested MYB8-silenced plants, which are highly impaired in phenolamides production ( Figure S13 ). One possible explanation for this difference is the specificity of sample collections. As T. mucorea feeds only on the pith of stems (Diezel et al., 2011; Lee et al., 2016) , we specifically collected and analyzed only these pith tissues. Therefore, auxin-mediated systemic activation of phenolamides and anthocyanins in the epidermal parts of stems could be relevant defenses against mammalian herbivores, which are stem-peelers (Machado et al., 2016a) . As the free-living herbivore community of N. attenuata is more complex than the endophytic one in nature, N. attenuata may protect leaves with costly N-containing secondary metabolites and utilize more varied inducible metabolites to obtain an optimal defense pattern. We also have shown that leaf herbivore damage and stem herbivore damage are not positively correlated (Figure 1) , and that there was no significant difference in the amount of leaf damage from herbivores between control and CGAsilenced plants (Figure 4) . These results are consistent with the hypothesis that plants localize their inducible defenses according to the probability of herbivore attack, and that the choice of localized defenses may also reflect an optimization of resource allocation to optimize Darwinian fitness (van Dam and Heil, 2011) .
Here, we demonstrate that N. attenuata plants have tissue-specific defenses for spatially separated herbivores by deploying different metabolites from the phenyl propanoid pathway to different tissues: phenolamides for leaf herbivores, and quinic acid conjugates for stem herbivores (Figure 6 and Table S1 ). Also, tissue-specific inducible defenses in the leaf and pith are localized in each tissue. These tissue-specific localized defenses contribute to the differentiation of chemical niches in a single plant. To determine whether tissue-specific localized defenses increase a plant's Darwinian fitness, and therefore can be regarded as an adaptation, will require the elucidation of the genetic mechanisms required for these tissue-specific responses. Recent advances in our molecular understanding of the systemic induction of JA signaling will be very helpful in this regard (Chauvin et al., 2013; Kiep et al., 2015) . Importantly, plant-mediated interactions between leaf and stem herbivores ultimately minimize the effect of each herbivore on their own performance in a shared hostplant. Localized tissue-specific defenses may facilitate chemical niche differentiation in a single hostplant, and could facilitate a diversification of plant-insect interactions that include the full spectrum from antagonistic to mutualistic interactions.
EXPERIMENTAL PROCEDURES Plant material and growth conditions
We used the 31st inbred generation of N. attenuata seeds originally collected from a native population at a field site located in Utah, USA. Stably silenced inverted repeat (ir) plants were used for secondary metabolite measurements and T. mucorea larvae performance: plants silenced in JAs synthesis (irAOC, line A-07-457; Kallenbach et al., 2012) , JA conjugation (irJAR4/6, line A-07-756; Wang et al., 2008) , JA-Ile perception (irCOI1, line A-04-249; Paschold et al., 2007) , transcription factor for phenylpropanoids pathway (irMYB8, A-07-810; Kaur et al., 2010) . NaHQT-silenced lines (irHQT) were produced by the published Agrobacterium tumefaciens-mediated transformation method (Kr€ ugel et al., 2002) using pRESC8 binary vector containing the inverted repeat (ir) fragment of the NaHQT sequence ( Figure S7 ) and the number of inserted T-DNA was determined by Mendelian segregation ratios of hygromycin resistance of selected irHQT lines and southern hybridization of genomic DNA using Dig high prime DNA labeling system (Dig system) ( Figure S7 ). All further experiments were performed with stably transformed homozygous plants. Seeds were sterilized and germinated on Gamborg's B5 medium (Duchefa) as described previously (Kr€ ugel et al., 2002) . Seedlings were maintained at 26°C/16 h of 155 lmol m À2 sec À1 light: 24°C/8 h of dark cycle. After 10 days, young seedlings were planted individually in Teku plastic pots containing peat-based substrate. Ten days later, early rosette plants were transferred to soil in 1 litre pots and grown in the glasshouse with a day/night cycle of 16 h (26-28°C)/ 8 h (22-24°C) under supplemental light from Master Sun-T PIA Agro 400 or Master Sun-T PIA Plus 600 high-pressure sodium lamps (Philips) with an automatic glasshouse watering system.
For field-grown plants, seeds of the transformed N. attenuata lines (EV, irHQT) were imported and released under US Department of Agriculture Animal and Plant Health Inspection Service (APHIS) notification numbers 13-350-101r (release of EV, irHQT in 2014). Seeds were germinated and seedlings were adapted to field conditions as previously described (Kr€ ugel et al., 2002; Kessler et al., 2015) . Adapted size-matched seedlings were transplanted into a field plot at the Lytle Ranch Preserve Snow Ranch property, located at latitude 37.141°, longitude 114.03°(Santa Clara, UT, USA). Plants were watered using a trench irrigation system until roots had established, and then as needed.
Field herbivore assays
The field experiments were carried out in a field plot at the Lytle Ranch Preserve, Utah, USA in 2014 and 2015. To experimentally infest plants in the field, we used a previously described egg inoculation method (Lee et al., 2016) with slight modifications. We used eggs freshly collected from newly emerged adults of T. mucorea from Datura wrightii plants near the field plot. We inoculated eggs into size-matched early elongation-stage EV plants (experiment for comparison between infested and uninfested plants) from 11 May 2014 to 13 May 2014. To test the effects of T. mucorea attack on leaf-herbivore resistance, total canopy damage from natural leaf herbivores was determined by estimating the percentage of canopy area damaged by each type of leaf herbivores (Schuman et al., 2012; Gaquerel et al., 2013) . The percentage of total leaf area damaged by sucking herbivores (Tupiocuris spp. and Empoasca spp.), grasshoppers (Trimerotropis spp.), noctuidae (Spodoptera spp.), and flea beetles (Epitrix spp.) in the field plot in 2014 was calculated, and additionally in the 2015 field season, we also collected the T. mucorea larvae from natural populations of plants to measure their biomass. To test the effects of CGA on leaf and stem herbivores, we planted size-matched EV and irHQT plants in a fully randomized design in the field plot and used the above procedure to measure plant damage by natural herbivores. In addition, to test larval survival, we inoculated T. mucorea eggs into EV and irHQT plants on 16 May 2014 and measured the survival rate on 9 June 2014.
Leaf and stem herbivory treatment
For T. mucorea larvae experiments, adults were collected from their natural habitat, the Great Basin Desert, southwestern Utah during the 2013 field season. In a previous study, we reported procedures for the maintenance of laboratory colonies of T. mucorea and egg inoculation (Lee et al., 2016) under laboratory conditions. Three weeks after egg inoculation, we slit stems lengthwise to collect larvae and transferred these to tubes containing artificial diet. The egg inoculation method was used in all experiments of T. mucorea larval performance and elicited pith characterization.
For M. sexta caterpillar experiments, two freshly hatched M. sexta neonates were placed on stem leaves (S2 or S3) of control or inoculated plants 1 week after T. mucorea egg inoculation when all plants were in the early elongation-stage N. attenuata. Another 7 and 13 days after M. sexta neonates placed (same time as T. mucorea larvae, 14 and 20 days after egg inoculation), we measured the biomass of both herbivores.
For phytohormones and secondary metabolites analyses in which the timing of elicitation and sampling is critical, we applied regurgitants and oral secretions (R) of M. sexta larvae to freshly produced puncture wounds to simulate larval feeding. A fabric pattern wheel used to create standardized puncture wounds that were immediately treated with 20 ll of 1:5 (v/v) water-diluted R (W + R). Treated and untreated leaf and pith tissues were collected after 1-3 h after elicitation. M. sexta caterpillar R were collected from larvae reared on N. attenuata wild-type plants from neonates until the third to the fifth instar stages.
Details of in vitro bioassay of T. mucorea larvae are described in Method S1.
Analysis of primary and secondary metabolites
Approximately 100 mg of frozen pith and leaf materials were extracted by adding 1 mL of the extraction buffer (60% solution 1; 2.3 mL L À1 of acetic acid, 3.41 g L À1 ammonium acetate adjusted to pH 4.8 with 1 M NH 4 OH, and 40% (v/v) methanol) with two steel beads as described in Heiling et al. (2010) . The samples were homogenized by a Genogrider 2000 (SPEX Certi Prep) operated at 1200 strokes per min, for 60 sec. Supernatants were collected after 20 min of centrifugation at 16 100 g at 4°C. In total, 1 ml of particle-free supernatant (after additional centrifugation) was analyzed by HPLC (Agilent-HPLC 1100 series) and the analytes were detected with Photo Diode Array (PDA) and Evaporative Light Scattering (ELS), Varian detectors. Nicotine eluted at a retention time (RT) of 0.5 min (detected by UV absorbance at 260 nm); CP, CGA and DCS eluted at RTs of 2.6, 3.0, and 3.9 min, respectively (detected at 320 nm). Rutin eluted at RT 4.7 min and was detected at 360 nm. HGL-DTGs eluting between RT 7.0 and 8.5 min were detected by the ELS detector. The peak areas were integrated using the Chromeleon chromatographic software (version 6.8; Dionex), and the amounts of metabolites were calculated using serial dilution of external standard mixtures of nicotine, CGA and rutin. Details of primary metabolite analysis are described in Method S2.
Phytohormone analysis
Approximately 100 mg of frozen materials was homogenized with two steel beads in a Genogrider 2000 (SPEX Certi Prep) at 1200 strokes min
À1
. Phytohormones (JA, JA-Ile, SA, and ABA) were extracted by vortexing for 10 min after the addition of ethyl acetate spiked with internal standards: 100 ng of [ The extracted samples were centrifuged at 16 100 g at 4°C for 20 min, and the upper supernatant was transferred into another new tube. The samples were evaporated to near dryness in a vacuum concentrator (Eppendorf) at 30°C. The dried samples were dissolved in 500 ll 70% (v/v) methanol: water for analysis with the Varian 1200 LC-ESI-MS/MS system as described by Gilardoni et al. (2011) . The phytohormones were detected in negative ESI mode and the detailed detection method followed Gilardoni et al. (2011) . The resulting amounts of hormones were divided by the exact fresh mass of plant materials used in the extraction.
Gene expression analysis by RT-qPCR
To analyze transcript levels of NaPMT, NaCHS, NaHQT and NaJAZs genes in attacked and unattacked pith with biological replicates. Total RNA was extracted using RNeasy Plant mini kit (Qiagen, Hilden, Germany). The synthesis of cDNA was performed with 1 lg of total RNA using RevertAid TM H Minus Reverse Transcriptase kit (Fermentas, Schwerte, Germany) and oligo-dT primer (Fermentas). Quantitative real-time PCR (qPCR) was carried out with the synthesized cDNA from three biological replicated samples using the core reagent kit for SYBR Green I (Eurogentec, Seraing, Belgium) and gene specific primer pairs (Table S2 ) on a Stratagene MX3005P PCR cycler. Relative transcript levels were calculated from a dilution series of cDNA samples and normalized by the expression of the tobacco housekeeping gene, Nicotiana tabacum elongation factor-1a (NtEF1a).
Statistical analysis
Data analysis was conducted with Origin 8 SR1 (OriginLab Cop. Northampton, USA) or the publically available R package (version 3.1.2, http://www.r-project.org/). We used one-way ANOVA followed by Tukey's honestly significant difference (HSD) as post hoc test for multiple samples and, chi-squared test for survival rate analysis. 
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